The increased burden of chronic kidney and end-stage kidney diseases (ESKD) in populations of African ancestry has been largely unexplained. To identify genetic variants predisposing to idiopathic and HIV-1-associated focal segmental glomerulosclerosis (FSGS), we carried out an admixture-mapping linkage-disequilibrium genome scan on 190 African American individuals with FSGS and 222 controls. We identified a chromosome 22 region with a genome-wide logarithm of the odds (lod) score of 9.2 and a peak lod of 12.4 centered on MYH9, a functional candidate gene expressed in kidney podocytes. Multiple MYH9 SNPs and haplotypes were recessively associated with FSGS, most strongly a haplotype spanning exons 14 through 23 (OR ¼ 5.0, 95% CI ¼ 3.5-7.1; P ¼ 4 Â 10 À23 , n ¼ 852). This association extended to hypertensive ESKD (OR ¼ 2.2, 95% CI ¼ 1.5-3.4; n ¼ 433), but not type 2 diabetic ESKD (n ¼ 476). Genetic variation at the MYH9 locus substantially explains the increased burden of FSGS and hypertensive ESKD among African Americans.
The prevalence of chronic kidney disease (CKD) in the United States is currently estimated at 13% and is associated with significant morbidity and mortality 1 . Approximately 100,000 Americans develop endstage kidney (renal) disease (ESKD) each year. The cumulative lifetime risk for ESKD varies by ancestry, and is approximately 7.5% for African Americans and 2.1% for European Americans 2 . African Americans have a disproportionate risk for several forms of CKD, among them diabetic nephropathy 3 , hypertensive nephrosclerosis 4 , lupus nephritis 5 , focal segmental glomerulosclerosis (FSGS) 6 and HIVassociated nephropathy (a distinct form of FSGS, also termed collapsing glomerulopathy) 7, 8 . The disproportionate risk for CKD may be partially explained by differences in social-economic status, lifestyle factors and clinical factors such as blood pressure control, but most of the increased risk remains unexplained 9 .
FSGS is a clinical syndrome involving podocyte injury and glomerular scarring, and includes genetic forms with autosomal dominant or recessive mendelian inheritance, reactive forms associated with other illnesses (including HIV-1 disease) or medications, and a sporadic, idiopathic form, which accounts for the majority of cases 10 . Recent data suggest an increase in the incidence of FSGS, which currently accounts for up to 3% of ESKD cases 6 . African Americans have a fourfold increased risk for sporadic FSGS 11 and an 18-to 50-fold increased risk for HIV-1-associated FSGS 7, 12 . Individuals of African descent also have increased risk for FSGS in other geographic regions, further suggesting that genetic factors contribute to these disparities 11 .
A strategy for identifying genes underlying such ancestry-driven health disparities is mapping by admixture linkage disequilibrium (MALD). MALD has successfully identified a genomic region associated with prostate cancer 13 subsequently replicated by a genome-wide association study 14 , as well as genes associated with hypertension 15 , multiple sclerosis 16 , white blood cell count 17 and variable interleukin 6 levels 18 . The admixture method is most robust for diseases that have large ancestry-driven or racial disparities that are not fully explained by environmental factors and that occur in populations that have undergone recent admixture between ancestral populations, for example, Hispanic Americans and African Americans 19, 20 .
The principle underlying admixture mapping is that, whereas most genetic variants are similar in allele frequencies across ancestral populations, a small subset of genetic variants shows considerable frequency differences, and these variants can be used to estimate local chromosomal ancestry. Recent admixture occurring between genetically distinct populations generates long-range linkage disequilibrium (LD) and chromosomal segments originating from the ancestral populations that can be exploited to map disease genes that are more frequent in one ancestral population relative to the other. For diseases or traits where the predisposing genetic variants occur at sufficiently different frequencies between the ancestral populations, admixture mapping has a distinct advantage over genome wide scans: both theoretically and empirically, considerably fewer informative SNP markers (o2,000) are required for complete genome coverage 21 .
We hypothesized that given the fourfold increased risk for idiopathic FSGS, the 18-to 50-fold increase in HIV-1-associated FSGS, and the higher rate of many kidney diseases in people of African ancestry, the underlying genetic variants would both be very frequent and have moderate to strong effects in African Americans but would be infrequent in European Americans. Here we present the results of a MALD study to discover genes associated with biopsy-proven, idiopathic FSGS and HIV-1-associated FSGS in 412 African Americans, followed by regional fine mapping to identify specific alleles and a haplotype associated with FSGS. Having identified MYH9 as a functional and positional candidate gene, we tested associated MYH9 SNPs in a larger group of 852 African American FSGS cases and controls. The associated MYH9 SNPs were also tested in a replication group of 346 European American FSGS cases and controls and in an extension group of 717 African American cases and controls with ESKD due to hypertension or type 2 diabetes mellitus.
RESULTS

Overview of MALD results
The MALD scan, consisting of 1,272 SNPs typed on African American FSGS cases (n ¼ 190) and African American controls matched for age, sex and HIV-1 infection status (n ¼ 222) ( Table 1) , yielded a genomewide lod score of 9.2 ( Fig. 1a,b) ; scores greater than 2 are considered significant. There was a single prominent peak located on chromosome 22, with a lod score of 12.4 (Fig. 1b) , and a pronounced elevation of African ancestry in FSGS cases, with 92% carrying African-inherited chromosomes as compared to a genome average of 81% (Supplementary Fig. 1a online). To determine whether the peak was robust and not subject to fluctuation if a different marker set was used, we divided the markers into even and odd ordered SNPs and tested each set independently: the genome-wide and peak scores for the even set were 8.7 and 10.1, respectively, and 7.7 and 8.8 for the odd set, respectively (Fig. 1b) . After additional MALD markers were added to the original scan, the genome-wide and peak scores were 10.5 and 13.7, respectively (Fig. 1b) . The 95% credible interval for the MALD peak extended along chromosome 22q13.1 from coordinates 34.423 Mb to 35.656 Mb (Fig. 1b) .
Fine-mapping association with MYH9
The apex of the MALD peak occurred at the MALD mapping SNP rs735853, located in an intron close to the 3¢ end of MYH9 (Fig. 2) , which encodes nonmuscle myosin heavy chain IIA. A total of 35 genes were present in the 95% credible interval of the MALD peak ( Supplementary Fig. 1b ). As MYH9 is expressed in podocytes 22 , cells essential for glomerular filtration, and as extremely rare codonchanging mutations in MYH9 have been previously associated with familial clusters of glomerulonephritis 22 , we considered MYH9 the most plausible positional and functional candidate gene. We hypothesized that one or more genetic variations in MYH9, with substantial allele frequency differences between Africans and Europeans, accounted for the chromosome 22 MALD association with FSGS, and we therefore tested additional SNPs in MYH9 for association with FSGS on the 412 subjects genotyped in the MALD scan, for whom chromosomal ancestry data were available.
We selected 20 MYH9 SNPs by one or more of the following criteria: (i) a pronounced frequency difference between reference West African Yorubans (YRI) and European (CEU) populations using data from the International HapMap Project 23 , (ii) possible functional significance, or (iii) strong LD with previously typed SNPs whose associations with FSGS remained highly significant after correction for local ancestry (Fig. 2a) . As a negative control, we selected SNPs in four neighboring genes with substantially different allele frequencies in Yoruban (YRI) relative to European (CEU) populations 23 .
By carrying out a test for association of these SNPs with FSGS using a log additive model in a logistic regression, we found many significant associations in MYH9 ( Table 2) . After correction for local African ancestry, nine SNPs within MYH9 were strongly associated with FSGS (OR ¼ 1.76-2.96; 0.0004 Z P Z 1 Â 10 À7 ) and were below the study significance threshold of P ¼ 0.0005 (applying a Bonferroni correction for 102 tests). Four additional SNPs (rs710181, rs9619601, rs8137674 and rs7285745) had minor allele frequencies o3% in African Americans and were not analyzed further. For the four nearby genes, three SNPs were nominally significant (P o 0.05) after correction for ancestry but without considering the number of tests; the most significant, rs5750175 in RBM9 (P ¼ 0.002), notably had no association (P ¼ 0.4) without correction for ancestry.
To determine if the associations of MYH9 SNPs resulted from admixture disequilibrium (typically observed across 5-10 Mb) or from local parental population disequilibrium (typically seen across 50 kb) that can be used for fine mapping, we compared associations for SNP alleles alone with those for SNP alleles plus estimated local chromosomal ancestry. For three MYH9 intron 23 SNPs in strong LD (rs4821480, rs2032487 and rs4821481), 79-83% of the association was attributable to the SNPs alone, with the remaining fraction attributable to chromosomal ancestry (Supplementary Table 1 online). Although these results do not rule out chromosome 22 associations distant from MYH9, they do point to fine-mapping association implicating a functional polymorphism in or close to MYH9. We also repeated the association analysis in a subgroup of the MALD panel, limited to 245 African American individuals carrying two African chromosomes with certainty 495% at each locus examined, as estimated by ANCESTRYMAP. By restricting the analysis to individuals with only African ancestry at the locus, we largely eliminated the effects of admixture in the association analysis. Supplementary Table 1 presents the analyses done for each of 17 MYH9 SNPs and for the 12 SNPs in the four flanking genes. We found that 6 of 17 MYH9 SNPs retained significant associations (P ¼ 4 Â 10 -4 to 5 Â 10 À5 ) below the Bonferroni P o 0.0005 cut-off for significance, whereas none of the 12 SNPs in nearby genes were significant (P 4 0.07).
In an effort to determine the genetic model that best explained the SNP associations, we compared individuals carrying one or two risk alleles to individuals homozygous for the nonrisk allele (12 versus 11 and 22 versus 11, where 2 is the risk allele) and homozygous individuals carrying two risk alleles to individuals heterozygous for the risk allele (22 versus 12) , with African ancestry taken as a covariate ( Table 3) . Using the stringent correction for multiple tests, we found that eight comparisons were significant: five comparing 22 to 12 and three comparing 22 to 11. For the three intron 23 SNPs (rs4821480, rs2032487 and rs4821481), the association was clearly recessive, as the upper confidence interval for the OR for the 12 vs. 11 comparison was close to 1, whereas the ORs for the 22 vs. 12 comparisons ranged from 3.5 to 4.4, with narrow confidence limits ( Table 3 ). In addition, three SNPs (rs5756152, rs1005570 and rs16996677) seemed additive, with ORs for the 22 vs. 11 comparisons ranging from 3.9 to 5.7, again with narrow confidence intervals. As the fine-mapping analysis suggested that the intron 23 SNPs best represent the local association, a recessive model is favored, but without knowledge of the causal sequence variation, choosing a definitive genetic model is premature.
MYH9 associations with idiopathic and HIV-1-associated FSGS
A larger set of African American FSGS cases (n ¼ 241) and controls (n ¼ 611), which includes the group used in the MALD scan along with additional FSGS cases, supported the initial MYH9 associations presented in Tables 2 and 3 . Because local ancestry was available for only the MALD subset, the results could not be corrected for local ancestry. Of the 17 SNPs typed, all but five showed association with FSGS, with seven having P o 10 À12 (Supplementary Table 2 online). For the seven most highly associated SNPs, the susceptible allele was very frequent both in African Americans (29-91%) (Supplementary Table 2 ) and in Yorubans (40-97%, data from the International HapMap Project) 23 , but much less frequent (3-52%) in European Americans (Supplementary Table 2 ). The strongest associations were for the three SNPs located within intron 23 (OR ¼ 4.5-4.8, P ¼ 2 Â 10 À18 -1 Â 10 À20 ) for the recessive model, presented in Figure 3 along with the genotype distribution for African-and European-American cases and controls. The 17 MYH9 SNPs were also analyzed in the idiopathic FSGS and the HIV-1-associated FSGS subgroups, representing syndromes with distinct pathological features ( Haplotype E-1 rs4821480 rs2032487 rs4821481 rs3752462
Haplotype Block E Figure 3 Frequencies of the three genotypes for the MYH9 SNPs rs4821480, rs2032487, rs4821481 and rs3752462, and haplotype E-1, the most frequent haplotype containing the four SNPs, in African American and European American FSGS cases and controls. Odds ratios and P values for the recessive model comparing FSGS cases and controls are shown. For haplotypes E-2 to E-5, the dominant effect of the haplotype is shown (corresponding to taking absence of the protective haplotype as a recessive susceptible factor).
, recessive model) was for the most frequent haplotype (E-1) spanning a region indicated in Figure 2 comprising the three intron 23 SNPs and rs3752462 ( Fig. 3 and Supplementary Table 2 ). The recessive E-1 haplotype association was also observed for idiopathic FSGS (OR ¼ 4.7, 95% CI ¼ 3.1-7.0, P ¼ 9 Â 10 À16 ) and HIV-1-associated FSGS (OR ¼ 5.9, 95% CI ¼ 2.9-12.9, P ¼ 7 Â 10 À8 ) as shown in Table 4 . The E-1 haplotype has a frequency of 60% in African Americans but only 4% in European Americans.
MYH9 FSGS associations in European Americans
The study population also contained 125 European Americans with idiopathic, biopsy-confirmed FSGS and 221 European American normal donor controls, constituting an independent FSGS group for replication of the findings obtained in African Americans ( Table 1) . Testing a recessive model for SNP and haplotype FSGS associations for this group, uncorrected for population structure, we found that the four SNPs determining haplotype E-1 showed modestly significant associations, although the haplotype E-1 itself fell short of significance ( Table 4 ). The haplotype most frequent (69%) in European Americans, E-2, showed a significant dominant protective effect (OR ¼ 0.39, 95% CI ¼ 0.19-0.80, P ¼ 0.008), consistent with its effect in African Americans ( Table 4) . We considered whether FSGS risk factors rare in European Americans were associated with African ancestry in our self-identified European American subjects. Analysis of population substructure principal components using EIGENSOFT 24 indicated that three of the four FSGS cases carrying two copies of haplotype E-1 had significant African ancestry. Eliminating these three individuals, and correcting for overall population substructure using the first EIGENSOFT eigenvector calculated from SNPs outside of chromosome 22, we found that the association with haplotype E-2 remained nominally significant (OR ¼ 0.47, 95% CI ¼ 0.23-0.97, P ¼ 0.04), but none of the SNP associations were significant (P 4 0.07). Although African ancestry confounds the analysis of European American FSGS, the data support a replication of the FSGS signal in this independent group.
Extension to hypertensive ESKD
To determine whether MYH9 might harbor risk factors for ESKD attributed to hypertensive nephrosclerosis or type 2 diabetic nephrosclerosis in the African American population, we analyzed 14 MYH9 SNPs for association with hypertensive ESKD (n ¼ 241) or type 2 diabetes-associated ESKD (n ¼ 284) using a geographically matched control group (n ¼ 192) ( Table 1) . Hypertensive ESKD associations (Table 4 ) were significant and consistent in direction with the FSGS associations for nine MYH9 SNPs and haplotype E-1. The strongest associations were for rs4821481 (OR ¼ 2.2; 95% CI ¼ 1.5-3.5, P ¼ 7 Â 10 À5 ); the association for haplotype E-1 was virtually identical. SNP associations with hypertensive ESKD were independent of individual overall proportion of African ancestry (analysis not shown). No significant associations were observed for SNPs with type 2 diabetic ESKD (Supplementary Table 5 online). We considered whether the MYH9 associations with FSGS might result from a specific association with ESKD due to FSGS. In a survival analysis of 161 African American FSGS cases, haplotype E-1 showed no association with progression to ESKD (relative hazard ¼ 1.03, 95% CI ¼ 0.55-1.94; P ¼ 0.92, recessive model) ( Supplementary  Fig. 2 online) .
DISCUSSION
The podocytopathies, including FSGS and collapsing glomerulopathy, involve genetic and acquired forms of podocyte injury 10 , and podocyte injury is proposed to play a central role in the pathogenesis of other progressive kidney diseases, including diabetic and hypertensive nephrosclerosis 25 . Over ten genes have been associated with FSGS; most are associated with disease forms with mendelian inheritance or with evidence for new mutations 26 . With regard to sporadic, nonfamilial FSGS, associations have been identified with WT1 and NPHS2 (refs. 27,28), but polymorphisms in these genes explain only a small portion of the disease burden.
We have used MALD to identify genetic variation in MYH9 as an important contributing factor to the development of idiopathic FSGS, HIV-associated FSGS (collapsing glomerulopathy) and hypertensive ESKD. The MALD scan revealed a single peak centered on MYH9 on chromosome 22q13.1 that showed strong association of African chromosomal ancestry with FSGS in African Americans. Fine mapping and functional considerations further implicated MYH9. MYH9 polymorphism does not differentially affect progression from FSGS to ESKD, indicating that the MYH9 association with FSGS is a general association for this disease, and is not limited to ESKD due to FSGS.
An independent study 29 of an African American population composed of both diabetic and nondiabetic individuals with ESKD also found a MALD association with a similar, overlapping region of chromosome 22. As this study found a very similar peak on chromosome 22, and had overlapping collaborators with our study, we shared our finding of a strong association of MYH9 variants with FSGS. Kao et al. explain the admixture signal with the three MYH9 intron 23 SNPs that had the strongest FSGS associations in our study, and replicate our findings of an association of nondiabetic ESKD and the MYH9 locus 29 .
MYH9 risk alleles are more frequent among African Americans, and protective alleles are more frequent among European Americans (Fig. 3) , providing a genetic explanation for the disparities in risk for FSGS and hypertensive ESKD in these populations.
Nonmuscle myosin, like muscle myosin, is assembled from separately coded heavy and light chains, and binds to actin to perform intracellular motor functions 30 . Mutations in MYH9 have been associated with four autosomal dominant clinical syndromes: MayHegglin, Sebastian, Fechtner and Epstein 31 . All four syndromes involve autosomal dominant macrothrombocytopenia, with the variable accompaniment of sensorineural deafness, cataracts, neutrophil Döhle-like bodies and glomerular disease 31 . There are few histologic descriptions of MYH9-associated glomerular disease. One individual with a MYH9 mutation, undergoing kidney biopsy early in the disease course, had normal light microscopy and electron microscopic evidence of focal podocyte foot process effacement and loss of podocyte slit diaphragms, indicating podocyte injury 32 . The Myh9 knockout mouse shows embryonic lethality, whereas heterozgyous mice have apparently normal phenotype other than hearing loss with incomplete penetrance 33 . Myosin IIA has been localized to podocytes and possibly mesangial cells 22, 32 . Other mutations affecting podocyte proteins that interact with the actin cytoskeleton, including alpha-actinin-4 (ref. 34 ), CD2-associated protein 35 and synaptopodin 36 , have been associated with podocyte injury and FSGS in humans or experimental animals, suggesting the requirement for an intact actin cytoskeleton to maintain normal podocyte cytoarchitecture and filtration barrier function.
Our extension samples revealed that MYH9 was also associated with the common clinical syndrome of hypertensive nephrosclerosis in African Americans, but not with diabetic nephropathy. Individuals with hypertensive ESKD typically present with advanced nephropathy and secondarily elevated blood pressure with resultant left ventricular hypertrophy and retinal vascular changes. Some of these individuals may have occult glomerular diseases, often FSGS or global glomerulosclerosis presenting in non-nephrotic forms, as they do not typically undergo renal biopsy 37, 38 . Renal biopsy studies typically reveal the presence of focal or global glomerulosclerosis in clinically diagnosed hypertensive nephrosclerosis 39, 40 . Notably, the renal microvasculature changes that are typically attributed to hypertension fail to correlate with measured blood pressure, suggesting that factors other than hypertension caused nephropathy. In practice, cases are not often held to the strict diagnostic clinical criteria as in these reports, and hypertensive nephrosclerosis is a diagnosis of exclusion in many nondiabetic forms of nephropathy. It is possible that undiagnosed FSGS in those labeled with hypertensive nephrosclerosis contributed to the association, and studies involving biopsy-proven hypertensive nephrosclerosis are needed to clarify this issue. Alternatively, individuals with hypertension and with particular MYH9 alleles may be more susceptible to podocyte injury and progressive glomerular disease. The lack of demonstrated association of MYH9 with diabetic ESKD suggests that the underlying mechanisms leading to impaired kidney function in diabetics may be distinct from those of FSGS or hypertensive ESKD. It is possible that the podocyte is not the primary target of the metabolic abnormalities that are believed to cause diabetic nephropathy, or alternatively that those abnormalities are quantitatively much more important than MYH9 variation. Nevertheless, because of the disease burden, it should be determined whether MYH9 variation influences the rate of progressive kidney function loss in diabetic kidney disease.
Genetic studies of glomerular diseases such as FSGS are limited by the number of subjects available-typically hundreds rather than the thousands recommended for genome-wide association studies. Small sample sizes are generally unworkable for genome-wide association studies because of the need for statistical power to overcome correcting for the current 1,000,000 SNPs typed, and because the associations observed generally have modest odds ratios. However, there is a strong argument to be made for using admixture mapping for gene discovery in diseases such as FSGS with large ancestry-driven disparities that are not fully explained by non-genetic factors, because the gene or genes underpinning the disease may have strong effects and/or very frequent alleles, as observed in this study, and because the smaller number of markers needed simplifies the statistical issues.
A limitation of our study is that we have not yet identified the causal sequence variation in MYH9 that is associated with FSGS. Initial resequencing of the 40 exons and intron-exon junctions of MYH9 in 14 African Americans with FSGS and haplotype E-1 showed no obvious causal variation (data not shown). We hypothesize that the functional variation occurs in regulatory elements or splice-site determinants, and that these influence RNA expression or protein structure in podocytes. Further studies are needed to identify causal variants and to provide an understanding of what additional genetic or environmental factors must interact with MYH9 variants to cause podocyte injury leading to kidney failure.
Recently, results of genome-wide scans and MALD scans have been reported with generally modest odds ratios for the genotype-phenotype associations. These weak effects have been attributed to the complex nature of the diseases involving the interaction of multiple genetic and environmental factors. The present study using a MALD approach has securely identified a main effect gene that is involved in two histologically distinct forms of FSGS: idiopathic FSGS, which is characterized by depletion of podocytes, and HIV-1-associated FSGS (collapsing glomerulopathy), which is characterized by podocyte proliferation. Extrapolating to population data from our case-control study, the fractions of sporadic or HIV-associated FSGS among African Americans that can be explained 41 by this haplotype are 4.7% and 12%, respectively. The large frequency difference for haplotype E-1 (60% in African Americans versus 4% in European Americans) combined with the extremely high FSGS susceptibility conferred by this factor (OR ¼ 5.0 for carriers, 95% CI ¼ 3.5-7.1, recessive model; Supplementary Table 2 ) provides a plausible cause for the higher incidence of FSGS, HIV-associated nephropathy and hypertensive nephrosclerosis among African Americans. For individuals not carrying haplotype E-1, the extrapolated population frequency of sporadic FSGS is very similar between African Americans (0.06%; 95% CI ¼ 0.03-0.1%) and European Americans (0.05%; 95% CI ¼ 0.04-0.06%), suggesting that the two populations have comparable background levels of susceptibility to FSGS in the absence of MYH9 genetic susceptibility factors, and that MYH9 factors may account for 66-100% of the disparity in susceptibility to FSGS. The identification of MYH9 genetic variation as a risk factor for FSGS and hypertensive ESKD underscores the importance of the actin cytoskeleton in podocyte biology and as a potential pharmacologic target.
METHODS
Human subjects. Kidney biopsy-confirmed idiopathic FSGS or HIV-1-associated FSGS cases were enrolled from 22 academic medical centers in the United States as part of the US National Institutes of Health (NIH) FSGS Genetic Study 27, 28 , see Supplementary Note. The study enrolled 366 subjects with idiopathic or HIV-1-associated FSGS and 832 control subjects without known kidney disease. Cases with one or more family members with FSGS were excluded. Table 1 lists the number of participants included in the present study, self-reported ancestry, disease diagnosis and date of diagnosis for cases and date of enrollment for controls.
The FSGS study population (Table 1 ) consisted of three case groups: (i) idiopathic FSGS among African Americans (n ¼ 188) without a family history of kidney disease, with biopsy-proven FSGS; (ii) HIV-1-associated FSGS among African Americans (n ¼ 53) with HIV-1 infection and with kidney biopsies that were consistent with HIV-1-associated nephropathy, with collapse of glomerular capillaries and podocyte hyperplasia; (iii) idiopathic FSGS among European Americans with sporadic, biopsy-proven FSGS. Age at kidney biopsy, available for all cases, was taken as a proxy for age of FSGS onset. The mean age of onset of FSGS for European Americans was 39 ± 18 years, for African Americans the mean age of onset for HIV-1-associated FSGS was 38 ± 8 years and for idiopathic FSGS the mean age of onset was 34 ± 14 years.
Three groups of FSGS controls are listed in Table 1 . African American normal controls (n ¼ 370) are blood donors lacking a history of kidney disease from the NIH Clinical Center in Bethesda, Maryland and HIV-seronegative subjects enrolled in the AIDS Link to the Intravenous Drug Experience (ALIVE) cohort from Baltimore, Maryland. The mean age at enrollment was 44 ± 8 years. HIV-1-infected hypernormal controls (n ¼ 241) are African Americans enrolled in the ALIVE cohort. The absence of kidney disease was defined as having normal serum creatinine (r1.4 mg/dl) and lack of proteinuria (urine protein to creatinine ratio o0.5). This group represents a hypernormal sample, in that they are drawn from the African American population at risk for HIV-1-associated FSGS, have been HIV-1 infected for at least 8 years, and yet lack evidence of kidney disease. The mean age at enrollment was 44 ± 6 years. European American controls (n ¼ 221) are normal blood donors lacking a history of kidney disease from the NIH Clinical Center in Bethesda, Maryland and the NCI-Frederick Blood Donor Program in Frederick, Maryland. The mean age at enrollment was 50 ± 9 years.
The extension cohort ( Table 1 ) comprised unrelated African Americans with ESKD attributed to nondiabetic hypertension (n ¼ 241) or type 2 diabetes (n ¼ 284) and African American shared control subjects (n ¼ 192) without kidney disease from the southeastern United States, using previously reported diagnostic criteria 42, 43 . For hypertensive ESKD, the mean age in years at enrollment was 56 ± 14 years and age of onset of ESKD was 54 ± 15 years. For diabetic ESKD, the mean age in years at enrollment was 64 ± 10 years, age at diagnosis for type 2 diabetes was 43 ± 11 years, and age of onset of ESKD was 60 ± 10 years. The shared controls were geographically matched with no signs or symptoms of kidney disease; the mean age in years at enrollment was 50 ± 10 years.
Institutional review boards at each collaborating medical center approved study protocols and each subject provided informed consent to participate. Additional information about the study subjects is provided in the Supplementary Note online.
Genotyping. The ParAllele platform (Affymetrix) was used to genotype 412 African American FSGS cases and controls for the MALD scan. The genotyping interrogated 1,331 highly informative MALD markers not known to be in LD in ancestral populations from the map that we previously published 19 . Of these, 59 were excluded from analysis because the controls either did not fit HardyWeinberg expectations or because the genotypes were inconsistent with estimates of ancestral population allele frequencies (both at P o 0.001). Ancestral population allele counts for admixture analysis were compiled from our MALD map construction data 19 , other studies 13 and HapMap data 44 . Follow-up genotyping in the region of the chromosome 22 peak was done for the 412 MALD samples and MYH9 genotyping was conducted on all study participants ( Table 1 ) using Taqman assays (Applied Biosystems). Duplicate samples (10%) were distributed across plates to assess for consistency between genotype calls. Plates with less than 95% complete call rate or with contaminated water controls were repeated. Genomic positions of SNPs are from NCBI build 36.
MALD genome-scan analysis. The ANCESTRYMAP program was used to scan the genome for regions of African ancestry that differ significantly from the genome average in cases and from the same locus in controls 20 . From current estimates of FSGS prevalence in African Americans and European Americans 7, 11 , and the prevalence of HIV-1 infection in the study populations, we assumed an eightfold increase in the risk of FSGS in individuals of African ancestry (carrying two African chromosomes) compared to those of European ancestry. Under the log-additive model used by ANCESTRYMAP, this implies an approximately 2.8-fold increase in risk per African chromosome that was used in the analyses presented. Additional analyses considered alternate risk models ranging from 0.25-to 4-fold risk per African chromosome.
We assessed significance by lod scores reported by ANCESTRYMAP. The program was used with 100 burn-in and 200 follow-on iterations for all Markov chain-Monte Carlo runs as recommended 20 . Locus-genome lod scores were calculated on the basis of a comparison of the estimated percent ancestry at a locus and the genome-wide ancestry average of the cases. We converted the case-control T statistic to a lod score by calculating a P value assuming approximate normality due to the large number of degrees of freedom, and using lod ¼ log 10 (P /(1 -P)). We also calculated a lod score for genome-wide significance; a score greater than 2.0 was considered significant 45 . The 95% credible interval for the location of the FSGS disease gene was derived from the locus-genome lod score-based relative probability distribution 18 . Calculations for the 95% credible interval were made using the maldmap package in R version 2.6.1.
Distinguishing short-range (fine mapping) from long-range (admixturebased) associations. We carried out three logistic regression analyses for each SNP in MYH9 or in nearby genes to separate the long-range effects of admixture linkage disequilibrium (5-10 cM) from the short-range (typically 10-50 kb) effects of local haplotype structure in the ancestral populations. The first two regressions used the number of African chromosomes carried by each individual at the given SNP, estimated by ANCESTRYMAP, as a regression covariate. The first analysis ( Table 2 ) tested the strength of the genotype association for each SNP, comparing a model with the SNP alone (number of susceptible alleles carried) with a model including both the SNP and the ancestry (estimated number of copies of African chromosomes carried). In a second related analysis, we estimated the fraction of the associations due to chromosomal African ancestry by comparing the reduction of sample deviance in the model containing both the SNP genotype and the estimate of chromosomal ancestry, compared to the model containing the SNP genotypes alone 18 . A third regression analyzed the SNP effect alone, on a subset of individuals carrying two African chromosome segments at the tested locus with probability greater than 95%, based on the ANCESTRYMAP estimate. All three logistic regressions (function glm in R) used an additive model.
Adjusting for population substructure. We previously reported no evidence of population substructure among FSGS cases and controls for the African American subjects 30 . For 346 European American FSGS cases and controls, we used the EIGENSOFT 26 program to test and correct for population stratification, using 11 markers on chromosome 22 outside of MYH9 and 88 markers on other chromosomes 24 . The first principal component captured most of the population variation, and, most relevantly, captured most of the variation differentiating African Americans and European Americans when both were included in the analysis; this variation was well resolved whether all SNPs, or only non-chromosome 22 SNPs, were used to generate the EIGEN-SOFT eigenvectors. To adjust for overall population substructure, as opposed to local chromosomal ancestry, we used each individual's component of the first eigenvector calculated by EIGENSOFT from non-chromosome 22 SNPs as a covariate in logistic regression with explanatory SNP and haplotype variables. For 717 cases and controls in the ESKD replication and extension study, we estimated the overall admixture fractions of the individual subjects with frappe 46 using 67 ancestry-informative markers, and tested whether admixture fraction contributed significantly to MYH9 associations with ESKD by including this estimate as a logistic regression covariate along with the SNP and haplotype variables.
Statistical analysis of SNP and haplotype associations. We tested for phenotype-genotype associations using dominant, recessive and additive models. P values were determined by Fisher's exact test (function fisher.test in R); all tests are two-sided. To extrapolate from our case-control data to population data for estimation of the attributable fraction (AF) and explained fraction (EF) 41 , we assumed an FSGS prevalence of p AA ¼ 0.2% for HIV-1-uninfected African Americans, and p EA ¼ 0.05% for HIV-1-uninfected European Americans 6 ; we assumed the 10% prevalence of FSGS among HIV-1-infected subjects that prevailed before effective antiretroviral therapy, as our HIV-1-infected cases and controls were collected in this era 7 . The estimate of the percent of difference in susceptibility, D, to FSGS explained by haplotype E-1 is based on the estimate prevalence p 00 of FSGS in African Americans not carrying haplotype E-1, using D E (p AA -p 00 )/(p AA -p EA ).
For survival analysis for progression from FSGS to ESKD we used the R functions survfit and coxph. Time to ESKD was taken from the onset of kidney disease; where an onset date was not available the biopsy date was used.
Haplotype inference. We inferred haplotypes both within local haplotype blocks defined by the confidence interval method 47 , and within longer regions of LD bounded by defined recombination hot spots 48 . Haplotypes were inferred by an in-house implementation of the expectation-maximization (EM) algorithm 49 , which measures reliability of inferences as the uncertainty (calculated as entropy) of bootstrap-replicated haplotype inferences. Genetic associations with inferred haplotypes were confirmed with haplotypes inferred by PHASE 2.1 (ref. 50) .
Corrections for multiple comparisons. For African American FSGS SNP associations, our analysis involved 102 MYH9 comparisons (17 SNPs examined for 6 genetic models); thus, using a Bonferroni correction that is conservative in that it ignores the non-independence of the tests, we considered P o 0.0005 to be significant after correction. We show nominal P estimates in the text and tables. We considered African American haplotypes for HapMap blocks, maximal robustly inferred blocks, and all robustly inferred blocks containing the highly associated intron 23 SNPs, for a total of 75 haplotypes considered for three genetic models (225 comparisons); thus, for African American haplotype associations, we considered P o 0.0002 to be significant ( Table 3) . For the ESKD and European American FSGS replication tests (Table 4) , we considered P o 0.05 to be significant for associations confirming African American FSGS associations that were significant after correction.
Note: Supplementary information is available on the Nature Genetics website.
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